Abstract-In this letter we have applied a new anisotropic zero index metamaterial (ZIM) structure to the quasi-Yagi antenna to achieve a high-directivity quasi-Yagi antenna. Simulation results show that the antenna gain increases for a frequency range over which the proposed metamaterial structure exhibits ZIM properties (10.3-11.7 GHz).
INTRODUCTION
There has been a great interest in metamaterials in the past decade and plenty of metamaterial applications such as invisibility cloaks, negative refraction index (NRI) materials and zero index materials (ZIM) have been demonstrated. The anisotropic zero index materials -which exhibit zero permittivity or permeability in only one direction-show high efficiency to radiate and received electromagnetic waves. Further developments in study of metamaterials unveil that when wave is incident from inside of ZIM to the free space, the refracted wave will be normal to the interface surface. This potentially can be deployed to boost the directivity of an antenna system [1] . Up to now, several novel antenna designs have been proposed. It was experimentally confirmed that the radiated energy by a source placed within a metamaterial structure can be focused in a narrow cone in the surrounding media [2] . Later, metamaterial embedded substrates known as the directive antenna substrates, composed of a periodic collection of rods, or of both rods and rings were introduced [3] . A directivity improvement of 2 for the horn antenna loaded by three layers of ZIM was reported [4] . A narrow directive beam was achieved for a structure formed by a finite number of periodic rows of metallic rods excited by an electric line source [5] . The wave emitted from a monopole microwave antenna propagating into a metallic grid slab was studied in [6] . Further, metamaterials potential to engineer a high directive medium was investigated in [7] where an anisotropic structure with spatial dispersion of very narrow hyperbola was used to form the medium. Planar antennas such as patch and slot antennas with wideband characteristics are effective for a portable terminal and have been at center of attentions for many years. Microstrip patch antennas are inherently narrowband; although wider bandwidth could be achieved using techniques such as aperture coupling or developing parasitic slot inside the patch, slot antenna with microstrip feeding but this will require more design and fabrication considerations. Temporarily, end-fire antennas such as Vivaldi present better bandwidth compare to patches or slots; however, they are usually larger than resonant patches or slots. Planar quasi-Yagi antenna benefits from both broadband characteristic of traveling wave radiators and the smallness of resonant antennas which makes it a good choice in compacted telecommunication systems. In this paper we have applied anisotropic ZIM to the quasiYagi antenna to achieve a high-directivity quasi-Yagi antenna. The anisotropic ZIM structure can be well added to original quasi-Yagi antenna while proposed structure is still easy to fabricate.
II. THEORY OF ZERO INDEX MATERIALS

A. Zero Index Materials
A metamaterial structure is made of periodic unit cells which could be either resonant or non-resonant. The resonance characteristic of metamaterial structures causes electric and magnetic responses which could be defined by dispersive averaged permittivity and dispersive averaged permeability. The dispersion is given by the Drude-Lorentz model which can be derived by averaging local fields [8] . Drude-Lorentz model defines permittivity and permeability of material as follows
where and are the magnetic and electric resonances. γ and γ are associated to the electric and magnetic losses (damping factor) and and represent the strength of the electric and magnetic resonances (oscillation factor). The frequency at which the permittivity is equal to zero is known as the plasma frequency. The hyperbolic shape of permittivity and permeability in (1) and (2) shows the possible existence of the plasma frequency for a resonant metamaterial structure. Pendry et al. verified in [9] that a network of thin wires behaves like low density plasma of very heavy charged particles with a plasma frequency in the GHz range. The EM properties of such a structure can be characterized by a plasma frequency, 1
where is the plasma frequency. Then the refractive index is given by μ
The refractive index approach zero for frequencies at near vicinity of the plasma frequency. Snell's law explains that for an incident wave from a ZIM media into the free space the angle of refraction will remain close to zero i.e., the refracted wave will be normal to the interface. The relationship between the angle of incidence and refraction for an incident wave upon an interface between two media with different indices of refraction
In which for ZIM we have
A theoretical model, shown in Fig.1 , is set up and simulated. In this model a dipole antenna was placed in ZIM media. The refracted wave is normal to the ZIM-air interface. The dipole emission forms a doughnut-shape radiation pattern. However, as the emitted wave impinging the ZIM-Air interface, it is forced to propagate as a plane wave. This property provides an excellent opportunity to design highdirective antennas.
III. ANTENNA DESIGN AND RESULTS
In this section, a novel ZIM unit cell is proposed and its simulation results are presented. Then after, the unit cells are embedded to a quasi-Yagi antenna to enhance the antenna directivity.
A. Metamaterial Unit Cell Design
In our design we have chosen a structure which is electrically resonant.There are frequencies around the plasma frequency over which the permittivity is infinitesimal and consequently, the refractive index values are near zero. These frequencies define the bandwidth of a ZIM structure.
Fig .3 shows the unit cell was used in our design. The cell dimensions along both x-and y-axis are 4.6 mm. By treating the unit cell of the periodic structure as a particle, we obtained the effective parameters for a unit cell using standard retrieval method [10] , [11] . As it is shown in Fig.2 when the electrical polarization is along y-axis, an electric resonance occurs. The effective permittivity in both directions is shown in Fig.3 . At frequencies around 11GHz, the zero permittivity happens for waves travelling along x-direction, while the permittivity along x-direction and permeability along z-direction are positive and constant. This will allow us to match the medium impedance to the air impedance for waves travelling along ydirection.
For wave propagating along the y-direction, the unit cell impedance is close to the free space impedance which leads to an efficient emission through the metamaterial structure. The extracted impedance for a wave propagating along y-direction and polarized along the x-direction is shown in Fig.3 . 
B. Proposed Antenna Design
Next, the proposed ZIM structure was loaded on the original quasi-Yagi antenna. Designed antennas, shown in Fig.4 , were simulated for different frequencies over the proposed ZIM bandwidth and results are shown in Fig4.b and c. The radiation pattern shows some reflections in the back of antenna due to slightly mismatch between the air impedance and the ZIM medium impedance. Even better gain can be achieved by miniaturizing the backward reflection. This can be done by using optimization techniques. Further, we will apply this approach to array of quasi-Yagi antennas to obtain very high directivity antenna. A novel planar ZIM structure was integrated to quasi-Yagi antenna. Gain enhancement achieved over the bandwidth of ZIM structure. The design is very simple and easy to fabricate. Further gain enhancement could be achieved by using multiple layers of the ZIM structure. However, it will increase the overall antenna profile. 
